Abstract. Thresholds for microcavitation of bovine and porcine melanosomes were previously reported, using single nanosecond (ns) laser pulses in the visible (532 nm) and the near-infrared (NIR) from 1000 to 1319 nm. Here, we report average radiant exposure thresholds for bovine melanosome microcavitation at additional NIR wavelengths up to 1540 nm, which range from ∼0.159 J∕cm 2 at 800 nm to 4.5 J∕cm 2 at 1540 nm. Melanosome absorption coefficients were also estimated, and decreased with increasing wavelength. These values were compared to retinal pigment epithelium coefficients, and to water absorption, over the same wavelength range. Corneal total intraocular energy retinal damage threshold values were estimated and compared to the previous (2007) and recently changed (2014) maximum permissible exposure (MPE) safe levels. Results provide additional data that support the recent changes to the MPE levels, as well as the first microcavitation data at 1540 nm, a wavelength for which melanosome microcavitation may be an ns-pulse skin damage mechanism. © The Authors.
Introduction
Recently, the American National Standards Institute (ANSI) revised the standards for the maximum permissible exposure (MPE) for safe use of lasers under Z136.1. 1 The revisions included significant changes to the near-infrared (NIR) spectral region, and to the visible region in the nanosecond (ns) time regime. Our previous study reported NIR thresholds for ns-pulse melanosome microcavitation, which supported the changes made to the safety standards. 2 However, there is still a need for additional microcavitation data in the ns time regime, in order to support future updates to the ANSI safety standards. Therefore, due to the lack of ns-pulse threshold data at other NIR wavelengths of interest, we have expanded this study to determine additional average radiant exposure thresholds for microcavitation of isolated bovine melanosomes using ns laser pulses at wavelengths in the 800 to 1064 nm region, as well as at 1540 nm. Two different laser sources were used in order to probe NIR wavelengths of interest.
Melanosomes are found within both human skin and retinal pigment epithelium (RPE) layers of the eye. They are the main ocular light energy absorbers in the visible and NIR. As laser wavelengths increase into the mid-IR, water absorption increases and melanosome absorption decreases, depositing more absorbed energy in the cornea and anterior segments of the eye, and less in the posterior retinal tissue. The formation of small gaseous bubbles around melanosomes in the RPE, a process known as microcavitation, is the threshold-level damage mechanism for ns-pulse ocular exposures. [3] [4] [5] [6] The objective of this study was to more clearly illustrate the wavelength dependence of single-melanosome microcavitation thresholds for ns-pulse exposures covering the entire NIR regime. Results of this study were compared to the 2014 1 and 2007 7 ANSI Z136.1 MPE values, as well as to in vivo ns-pulse retinal damage threshold data in the visible and NIR. These results support the recent changes to the National Laser Safety Standards. Furthermore, we report the first microcavitation threshold data at 1540 nm, a wavelength for which melanosome microcavitation may be an ns-pulse skin damage mechanism.
Experimental Details and Procedures
Our procedure for bovine melanosome preparation followed the method of Dontsov et al., 8 and these details can be found in our previous report. 2 In this study, additional wavelengths were investigated, including coherent emissions at 800, 900, 975, 1064, and 1540 nm. In order to observe the microcavitation events after exposure, a microscope containing two beam paths was used, a technique thoroughly described by Schmidt et al. 2 Although the OPO described in our previous publication is stable and can generate wavelengths out to 2400 nm, there was not enough energy per pulse to create the microcavitation events above 1200 nm. Therefore, multiple lasers were required at longer wavelengths to generate enough energy per pulse to create the cavitation event with increasing wavelength. Microcavitation events at 1540 nm were determined using emissions from a Megawatt (high-peak power) Er-glass laser (Hilton Head Island, South Carolina) with a custom Q-switch, designed by Taboda Research Instruments (San Antonio, Texas). This laser has a reasonably Gaussian spatial distribution, with 35-ns pulse duration and 3.5 J maximum energy per pulse. 9 The experimental setup for the 1540-nm data required changes from our previous report. Figure 1 is a schematic of the laser system and components. The illumination beam was created by splitting (10%) and frequency doubling the 1540-nm laser beam, which resulted in 770-nm pulses. The 770-nm beam was launched into a 0.22 NA multimode 45-m fiber (FG105LCA Thorlabs), and focused at the sample surface, which optically triggered the CCD camera (Imperx Incorporated, Boca Raton, Florida). Time-resolved imagery of the microcavitation events was achieved by the 120-ns optical delay created by the fiber and free-space optical path differences. Previous research performed by Kelly 6 indicated that microcavitation bubbles expanded and collapsed in approximately 250 ns, and a 125-ns delay postexposure was a sufficient stroboscopic delay to observe cavitation events. Based on this previous research, similar delays were used postexposure for the current studies. Microcavitation images were collected using a Bobcat CCD camera (Imperx Incorporated, Boca Raton, Florida). Pre-and postcavitation images were also collected and used for background subtract from the exposure image for improved image quality. Beam diameter measurements were determined prior to each data collection set using the knife-edge technique. In each case, the spot size consisted of a 1∕e 2 Gaussian beam, which results in an average radiant exposure value. The NIR exposures (800 to 1064 nm) had an average beam diameter of 183 AE 18 μm. The average beam diameter at 532 nm was 295 AE 22 μm. The average beam diameter at 1540 nm was 305 AE 31 μm. It is important to note that although there were slight differences in pulse width (8 to 50 ns) at the different wavelengths used, we do not expect this to influence the measured cavitation thresholds. Microcavitation is the primary threshold-level retinal damage mechanism for pulsed exposures over the entire ns-time regime. Significant thermal diffusion only occurs on microsecond time scales and all ns-pulse exposures are within the thermal confinement region. Therefore, the slight variances in ns-pulse widths should not change the outcome of the study.
Results and Discussion
Probit analysis was the statistical method used to estimate the threshold (pulse) energy for laser-induced microcavitation (ED 50 ). 10, 11 Binary (yes/no) data points were collected, the ED 50 energy, slope, and fiducial limits (FL) were determined at the 95% confidence level, and the ED 50 radiant exposure was calculated by dividing the energy per pulse by the beam diameter. The radiant exposure (H) is computed by Eq. (1) E Q -T A R G E T ; t e m p : i n t r a l i n k -; e 0 0 1 ; 3 2 6 ; 6 9 0
where Q is the energy per pulse and D L is the 1∕e 2 Gaussian beam diameter. An estimated total uncertainty of the average radiant exposure threshold was 16%. Data collection occurred on several successive days and was combined in order to produce a single ED 50 threshold value at each wavelength. Table 1 summarizes the combined bovine microcavitation average radiant exposure thresholds, upper and lower FL, and Probit slope, from 532 to 1540 nm. The upper and lower FL limits represent the 95% confidence intervals. Values denoted by wavelength number a were determined in the previous study, 2 and values denoted by wavelength number b were determined in this study. Due to the significant water absorption in the mid-IR, the water layer above the melanosomes was taken into account to determine the microcavitation threshold of 4.5 J∕cm 2 at 1540 nm. The actual radiant exposure was determined by calculating the transmission through our sample water layer of approximately 500 μm. At 1540 nm, water transmission is 55.3% based on Hale and Querry data, 12 with an absorption coefficient of 11.83 cm −1 . Thus, the observed cavitation threshold, corresponding to the radiant exposure at the surface of the water layer, was multiplied by the transmittance in order to find the actual radiant exposure at the melanosome. Figure 2 is a plot of bovine microcavitation thresholds as a function of wavelength, Fig. 1 Schematic of the laser and illumination setup for observing microcavitation bubble formation from irradiated melanosomes at 1540 nm. BS indicates beam splitters. P1 is a reference energy meter (dashed line represents 10% reflectance used at P1) and an additional detector is used at the sample source to determine energy delivered to the sample. The focused illumination beam was approximately 1 mm in diameter. on a log scale. Melanosome absorption coefficients were calculated from the threshold values in Table 1 .
As previously reported, a first-order estimate of the melanosome absorption coefficient, μ m , as a function of threshold radiant exposure, F th ðTÞ, measured at melanosome temperature T can be obtained using the following equation:
5,13
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where C p is the melanosome specific heat, ρ is the melanosome density, and T th is the threshold temperature for bubble formation. Melanosome specific heat and particle density are C p ¼ 2.55 J∕gm-°C and ρ ¼ 1.41 gm∕cm 3 .
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Cavitation data were collected at an ambient temperature of 20°C, and an estimated threshold temperature of T th ¼ 150°C was used based on the temperature-dependent, ns-pulse, melanosome microcavitation studies of Kelly 6 and Neumann and Brinkmann. 13 Using Eq. (2), one can solve for μ m to determine absorption coefficients. Table 2 presents a comparison of the melanosome and RPE layer absorption coefficients, where the uncertainty in the melanosome data was estimated from both the experimental uncertainty of F th and the threshold temperature (T th ) variability from the literature. 5, 13, 14 The RPE layer data are from Birngruber, et al. 15 As in Table 1 , values denoted by wavelength number a were determined in the previous study, 2 and values denoted by wavelength number b were determined in this study. Figure 3 shows the wavelength dependence of the absorption coefficients for melanosomes, water, and the RPE layer, on a log scale. Note that in the visible and NIR, melanosome absorption coefficients are roughly an order of magnitude higher than corresponding RPE layer values. The results show melanosome and RPE layer absorption coefficients decreasing with increasing wavelength at roughly the same rate. Figure 3 indicates that at 1540 nm, water and RPE layer absorption coefficients are similar (∼10 cm −1 ), even though the melanosome values are approximately an order of magnitude higher (∼10 2 cm −1 ). The difference in these absorption coefficients are probably due to the high water content and low melanin concentration in the RPE layer, as a simple first-order calculation can demonstrate. RPE cells are approximately 20 to 25 μm in diameter, and the RPE layer is roughly 15 μm thick. We can approximate the RPE cell as having a rectangular volume of 20 μm × 20 μm × 15 μm, or 6000 μm 3 . We can model the melanosome as a sphere 1 μm in diameter, giving a melanosome volume of 0.524 μm 3 . Finally, assuming 100 melanosomes per cell gives a melanin concentration of 0.87% (52.4∕6000). The low melanin concentration minimizes the effect of the higher melanosome absorption coefficient on the total RPE layer absorption, keeping the latter close to the water value at this wavelength. As shown in Fig. 2 , decreasing melanosome absorption in the mid-IR does cause a significant increase in the microcavitation threshold radiant exposure from 1319 to 1540 nm. This paper reports the first melanosome microcavitation threshold values at 1540 nm. These data show that despite reduced melanin absorption in the mid-IR, it is possible to create melanosome microcavitation events at 1540 nm, assuming a sufficiently high-radiant exposure can reach the melanosome. For high-peak power, ns-pulse, 1540-nm skin exposures, resident dermal melanosomes could receive doses producing microcavitation that may damage skin. A previous 1540-nm, ns-pulse, threshold skin study by Lukashev et al. 16 reported an ED 50 value for minimal visible lesions (MVLs) of 3.0 J∕cm 2 . We should note that there are structural and chemical differences between retinal melanosomes and skin melanosomes, which will probably produce different microcavitation thresholds.
This, in turn, might explain the difference between the measured, ns-pulse, MVL-ED 50 for skin and the ns-pulse (retinal melanosome) microcavitation threshold reported in this study.
Whatever the threshold-level skin damage mechanism might be, microcavitation damage clearly will not occur for RPE melanosomes, since water absorption in the anterior portions of the eye would reduce 1540-nm ocular transmission to the retina to virtually zero. Only the cornea and lens would be damaged at this wavelength and these energies, so RPE microcavitation is not currently considered a likely ocular damage mechanism for ns-pulse mid-IR laser exposures. Very few corneal damage studies have been performed in the 1540-nm wavelength range for ns exposures. In one example, Lund et al. 17 reported an MVL-ED 50 corneal damage threshold of 21 J∕cm 2 (1∕e) at 1540 nm with a 50-ns single pulse.
As a final validation of our results, a comparison between melanosome microcavitation threshold radiant exposure values and total intraocular energy (TIE) values, corresponding to measured retinal damage thresholds in vivo, was performed for the extended microcavitation dataset, with the exception of 1540 nm. Prior to comparing the two datasets, however, the microcavitation radiant exposure thresholds had to be converted into their corresponding TIE values. The microcavitation TIE represents the energy delivered to the corneal plane, which should result in retinal damage due to RPE microcavitation. For this calculation, the threshold radiant exposure at the RPE layer was assumed to be equivalent to our single-melanosome thresholds, listed in Table 1 . Next, the retinal radiant exposure threshold was combined with the estimated retinal spot size and ocular transmission values for the rhesus monkey, based on the model of Vincelette et al., 18 to back calculate the threshold energy at the cornea. The Vincelette model estimates retinal beam diameter based on focusing of a 3-mm diameter Gaussian beam entering an emmetropic rhesus eye. A rhesus eye model was chosen for this calculation so that our microcavitation TIE values could be validated by direct comparison to retinal MVL-ED 50 TIE values measured for visible and near-IR ns-pulse exposures in the rhesus eye. Table 3 lists the in vivo rhesus MVL-ED 50 TIE values used for comparison to our microcavitation data. These represent a variety of ns-pulse experimental studies, for differing corneal beam diameters, over the wavelength range from 532 to 1319 nm. [19] [20] [21] [22] [23] [24] [25] [26] [27] Figure 4 compares the estimated microcavitation TIE thresholds, calculated for a 3-mm diameter Gaussian beam entering a rhesus eye, to the experimental in vivo TIE values of Table 3 . These two datasets are also compared to the 2014 1 and 2007 7 ANSI Z136.1 MPE limits for 1 to 100 ns pulses, expressed in terms of permissible TIE. The TIE MPE is defined as the MPE given in terms of the corneal radiant exposure multiplied by the area defined by a 7-mm pupillary aperture. 1, 7 It is evident that the estimated TIE values from microcavitation radiant exposure thresholds mimic the trends in the MVL studies of various authors. Error bars for estimated TIE values represent ∼51% uncertainty, based on a AE0.25 diopter deviation from emmetropia, uncertainty in retinal transmission, and uncertainty in energy measurements. 28 The uncertainty for the in vivo measurements corresponds to the upper and lower FL found in Table 3 .
Conclusions
This work supplements and extends our previous study, 2 which presented the first threshold data ever reported in the literature for ns-pulse melanosome microcavitation in the near-IR. Here, we report additional ns-pulse microcavitation thresholds, measured in the critical 800 to 1064 nm region, with the goal of more clearly illustrating the wavelength dependence of nspulse melanosome microcavitation over the entire near-IR regime. We also report the first microcavitation threshold data at 1540 nm, a wavelength for which melanosome microcavitation may be a ns-pulse skin damage mechanism. As before, the threshold radiant exposure data was used to estimate melanosome absorption coefficients and these were compared to absorption coefficients for water and the RPE layer, over the entire wavelength range from 532 to 1540 nm. The 1540-nm cavitation thresholds were significantly higher than 1319-nm values, indicating lower melanosome absorption coefficients and higher skin damage thresholds in the mid-IR. Finally, the microcavitation data was compared to ns-pulse ANSI MPE values and to in vivo ns-pulse retinal damage thresholds in the visible and NIR. Trends in the microcavitation data are consistent with those in MVL studies from the literature, and these results provide additional data to support the recently updated ANSI Z136.1. Fig. 4 Comparison of estimated and experimental total intraocular energy (TIE) thresholds with ANSI Z136.1-2007 and ANSI Z136.1-2014 maximum permissible exposure (MPE) limits for 1 to 100 ns pulses, expressed in terms of permissible TIE. The TIE MPE is defined as the MPE given in terms of the corneal radiant exposure multiplied by the area defined by a 7 mm pupillary aperture. 1, 7 Estimated (microcavitation) TIE thresholds are based on a 3-mm diameter (1∕e 2 ) Gaussian beam entering a rhesus eye. Experimental TIE data, for in vivo rhesus studies, are from referenced sources in Table 3 . [19] [20] [21] [22] [23] [24] [25] [26] [27] 
